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ABSTRACT
The main objective of this study was to conduct a systematic investigation of
various approaches to mitigate the competition of dissolved organic matter (DOM) on the 
adsorption of synthetic organic contaminants (SOCs) by activated carbons. TCE and 
atrazine were selected as the target SOCs because they are known to adsorb in different 
pore size regions. TCE adsorbs in the primary micropore region (i.e., <10 Å) which is 
inaccessible to the majority of the DOM components, while atrazine adsorbs in the 
secondary micropore region (i.e., 10-20 Å) which is partially accessible to some DOM 
components. The adsorbents used in this study consisted of four activated carbons (OLC, 
CRC, F400He, and HD4000ST) and one activated carbon fiber (ACF: ACF10). All 
sorbents were basic and hydrophobic in nature and represented a set of activated carbons 
with gradually widening pore size distribution, from the extremely microporous carbons 
(ACF10 and OLC) to carbons with some amount of mesopores (CRC and F400He) and 
finally a predominantly mesoporous (HD4000ST) carbon. 
Isotherms were performed as single solute and after preloading with a dissolved 
organic matter (5 mg DOC/L and 20 mg DOC/L) for both TCE and atrazine and using the 
five activated carbons. Single solute isotherm results showed that (i) the adsorbents with
higher volume in pore sizes around the dimensions of the adsorbate molecule exhibited
higher uptakes, probably due to the higher adsorption energies resulting from multiple 
contact points between the adsorbate molecule and the pore surface and (ii) BET surface 
area and total pore volume were not the primary factors controlling the adsorption. The 
iv
preloading isotherm results indicated that for TCE, the SOC adsorbing primarily in pores 
<10 Å, highly microporous GACs (i.e., activated carbons having high volumes in pores 
<10 Å and minimal volumes in pores larger than 10 Å) exhibited the least preloading 
effect and the best results for controlling DOM competition. For atrazine with optimum 
adsorption region in pores > than 10 Å (i.e., partly overlapping with that of background 
DOM components), activated carbons with broad pore size distribution (i.e., mesoporous) 
or high pore volume in the optimum adsorption pore size region of atrazine (i.e., 10-20 
Å) showed the lowest degree of DOM preloading effect. Finally, a limited number of
kinetic experiments were also carried out in this study. The mesoporous carbons 
demonstrated faster adsorption as compared to the microporous carbons for both TCE 
and atrazine in the presence or absence of background DOM.
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1CHAPTER 1
INTRODUCTION
Large numbers of synthetic organic compounds (SOCs) have been produced for 
various industrial and domestic uses. Some of these compounds and their process by-
products have been found to be toxic, carcinogenic, mutagenic or teratogenic. Since 
SOCs have entered water sources as a result of accidental or intentional releases, and/or 
insufficient treatment, the Clean Water Act and its amendments have been promulgated
by United States Environmental Protection Agency (USEPA) (USEPA, 1995). Later, the 
Safe Drinking Water Act and its amendments have been passed to protect the public from 
exposure to some of these undesirable and harmful chemicals (USEPA, 2007). Currently, 
53 SOCs are classified as priority pollutants and regulated by the USEPA.
The USEPA has designated activated carbon adsorption as one of the “Best 
Available Technologies” to remove SOCs from aqueous solutions (Safe Drinking Water 
Act Amendments of 1986; Pointus, 1996a, 1996b). Activated carbon is a porous sorbent 
with high degree of porosity and extensive internal surface area (e.g., 800-1000 m2/g). It 
can be produced from a variety of carbonaceous materials including wood, coal, lignite
and coconut shells. The carbon basal planes, heterogeneous surface functional groups, 
and various inorganic components constitute the skeleton of activated carbon. Overall, 
the characteristics of activated carbon (surface area, pore size distribution, and surface 
chemistry) and adsorbate (molecular size, molecular structure (e.g., the presence of 
functional groups)), and the background solution chemistry (pH, adsorbate concentration, 
2presence of competitive solutes, ionic strength) all affect the adsorption of SOCs by 
activated carbons. The pore size distribution of activated carbon with respect to the size 
of SOC molecules is important for adsorption. Depending on the molecular dimensions 
of target SOC, there is an optimum carbon pore size region that maximizes the uptake of
the SOC due to enhanced adsorption in this region.
Natural organic matter (NOM), a heterogeneous mixture of complex organic 
compounds including humic substances, hydrophilic acids, proteins, lipids, carboxylic 
acids, polysaccharides, amino acids, and hydrocarbons (Thurman, 1985; Croue et al., 
2003), is ubiquitous in fresh waters. The dissolved components of NOM (i.e., DOM: the 
portion of NOM passes through a 0.45 m filter) constitute the most problematic fraction 
of NOM with regard to drinking water treatment and supply, since they are partly 
removed from water by conventional treatment processes. The DOM interferes with the 
adsorption of SOCs through either direct competition for the adsorption sites or blocking 
the entrance of some carbon pores for SOC adsorption. It has been shown that DOM 
molecules cannot access pores less than 10 Å and are generally adsorbed in pores with 
size ranging from 10-30 Å (Pelekani and Snoeyink, 2000; Quinlivan et al., 2005). This is 
also consistent with another study that reported the approximate diameters of aquatic 
DOM in the range of 10 to 17 Å (Moore et al., 2001)
After conducting a series of experiments with atrazine adsorbing in the 8-20 Å 
pore size region, which is also accessible to some DOM components, Pelekani and 
Snoeyink (2000) proposed that one method to mitigate the DOM-SOC competition is to 
use an activated carbon with broad pore size distribution and sufficient pore volumes in 
3the optimum adsorption pore size regions of both target SOC and DOM. However, in a 
separate study it was shown that for a SOC adsorbing in pores less than 10 Å (e.g., TCE), 
the carbons with wide pore size distribution performed poorly as compared to carbons 
that were extremely microporous with most of pore volume in pores less than 10 Å, a 
region inaccessible to the DOM molecules (Karanfil et. al, 2006). It was also 
demonstrated that for SOC molecules that adsorb in the micropore region inaccessible to 
DOM molecules, the best way to reduce the competitive effect of DOM was to use a 
microporous carbon adsorbent with almost all of volume in pores less than 10 Å. These 
microporous carbons appear to act as molecular sieves to separate the target SOC 
molecule from the DOM containing aqueous solution (Karanfil et al., 2006).
Considering these findings, it was hypothesized in this study that 10 Å represents 
an important cutoff value for developing strategies to minimize the impact of DOM on 
SOC adsorption. It was postulated that for the adsorption of SOC with target adsorption 
region in pores less than <10 Å (e.g., TCE), one possibility to mitigate the DOM 
competition is to use a very microporous activated carbon having mainly pores <10 Å, 
which are accessible to the SOC but not the DOM components. In this case, the activated 
carbon is expected to act as a molecular sieve to minimize the competition of the DOM
molecules, as long as they do not completely block the pathway of the SOC molecules to 
their adsorption pores. The second possibility is to use an activated carbon with a broad 
pore size distribution including appreciable pore volumes in both transitional pores (i.e., 
secondary micropores (10-20 Å) and mesopores (20-50 Å)) to accommodate DOM 
molecules and primary micropores (i.e., <10 Å) for the target SOC (e.g., TCE). It was
4further postulated that if the optimum adsorption region of the SOC is pores >10 Å (i.e., 
the optimum adsorption pore regions of target SOC and some DOM components overlap
(e.g., atrazine)), then activated carbons with high pore volumes in the secondary 
micropores and mesopores should be selected to reduce the DOM competition.
The main objective of this study was to conduct a systematic experimental 
investigation to test these proposed hypotheses and to determine the approaches to 
mitigate DOM competition on the SOC adsorption. Two SOCs adsorbing in the 
significantly different pore size regions, TCE and atrazine, were selected as the target 
compounds. Although the adsorption of these two compounds has been individually 
investigated in several studies (Karanfil and Dastgheib, 2004, 2006; Pelekani and 
Snoeyink, 1999, 2000, 2001), their adsorption on the same set of adsorbents with 
different pore size distributions in the presence of the same background DOM has not 
been investigated and compared side by side. Since the hypotheses postulated above are 
mainly derived from the adsorption results of carbon fibers, and it is known that activated 
carbon fibers and activated carbons have important differences in their pore structures, 
four GACs were selected for this study to examine the proposed hypotheses for GAC 
applications. One ACF was also included in the adsorbent matrix for the purpose of 
comparing the results between GACs and ACFs. The selected adsorbents covered a wide 
and gradually increasing pore size distribution, ranging from very microporous to some 
degree of mesoporous and finally to a predominantly mesoporous. These adsorbents were 
selected because they had also relatively similar surface acidity and hydrophobicity. 
Similar surface chemistry was an important consideration in the adsorbent selection 
5because the main goal of this study was to obtain a better understanding on the interplay 
between the optimum adsorption pore size regions of the target SOC and the DOM 
controlling the SOC-DOM competitive adsorption.
Furthermore, in practical applications, adsorption kinetics usually is of equal if 
not greater importance than adsorption equilibrium. However, very few studies were 
performed to investigate the effect of NOM competition on the adsorption kinetics of 
micropollutants on carbonaceous adsorbents. Therefore, another objective of this study 
was to provide some preliminary kinetic information on the DOM-SOC competitive 
adsorption. This was conducted by comparing the single solute adsorption kinetics of 
each individual SOC on the four GACs with that obtained in solution containing 
background DOM of concentration typically encountered in the treatment plants. These 
investigations, in conjunction with the equilibrium studies are intended to provide a better 
mechanistic understanding of the SOC-DOM competitive adsorption on activated 
carbons and providing some guidelines for selecting appropriate activated carbons in 
practical applications.
6
7CHAPTER 2
BACKGROUND
2.1 Activated carbons and activated carbon fibers
Granular activated carbon (GAC) and powdered activated carbon (PAC) have 
been used to remove a wide range of priority organic pollutants from water and 
wastewater. The difference between GAC and PAC is that the GAC are irregular shaped 
particles with commercially available sizes ranging from 0.2 to 5 mm, while PAC is 
pulverized form of GAC with a size predominantly less than 0.18 mm (US Mesh 80)
(Karanfil, 2006). The precursors of GAC and PAC are carbonaceous materials such as 
bituminous coal, lignite, coconut shells, or wood.
Activated carbon fibers (ACFs) are prepared from homogenous polymeric-based
materials such as polyacyrlonitrile, cellulose, pitch or other non heterocyclic aromatic 
precursor. ACFs display a number of advantages over GAC  PAC. The fibers in addition 
to being more chemically stable are also significantly more heat resistant than GAC. The
lower ash and higher carbon contents make ACFs more hydrophobic than GACs and 
PACs. ACFs have uniformly sized, slit shaped pores oriented along the longitudinal axis
(Kaneko et al., 1993) (Figure 2.1). The advantage of having sharp pore size distribution is 
that the transition pathway from the larger mesopore opening on the surface to the 
micropores located in the bulk of the fibers is short, which is reported to lead to faster 
sorption kinetics as compared to GACs and PACs (Kasaoka et al., 1989a; Hopman et al.,
1995). ACFs demonstrate greatly enhanced adsorption of SOCs in the gas phase 
8compared to GAC and PAC of comparable surface area (Economy et al., 1992; 
Dimotakis et al., 1995). In addition, ACFs are commercially available as fiber cloth;
consequently it is convenient to incorporate them into the existing treatment systems by 
immersion into tanks or pipes. However, the major drawback preventing the widespread 
application of ACFs in water and wastewater treatment has been their relatively high 
cost. The price of ACF can cost as much as $100 per pound, whereas GAC is 
comparatively cheaper at only around $1 per pound (Mangun et al., 2001). 
Figure 2.1 Illustration of GAC and carbon fiber pore structures (Hopman et al., 1995)
2.1.1 Activated carbon and carbon fiber production
Any carbonaceous material can be converted to activated carbon due to the fact 
that activated carbon is structurally a non-graphitic carbonaceous material. The most 
common precursors of activated carbon production are wood, coconut shell, fruit seeds,
coals, lignite, and petroleum coke. These are materials with high carbon content, low 
GAC
Carbon fiber
20-500 Å
> 500 Å
< 20 Å
< 20 Å
9inorganic contents, and relatively inexpensive. The precursor and the activation 
conditions determine the properties of the final activated carbon products.
The methods of activated carbon production can be classified into two categories:
(i) Thermal Activation (or physical activation)
(ii) Chemical Activation
Thermal activation usually consists of two steps: the carbonization of the raw 
material followed by the activation process. Carbonization is the pyrolytic decomposition 
of precursor in the presence of an inert gas (e.g., nitrogen). This step produces char rich 
in carbon. In the activation process, the remaining char is partially gasified by an 
oxidizing agent (e.g. steam) in direct fired furnaces. When both these steps are carried out 
simultaneously, the process is called as direct activation.
Chemical activation is a single step carbonization process. The precursor is 
impregnated with significant amounts of activation agent then heated at high 
temperatures. Some of the commonly used chemical agents are phosphoric acid, zinc 
chloride, and alkali chemicals (Weber and Van Vliet, 1972). The commonly used 
chemical reagent to precursor weight ratio is around 1:4. After the carbonization process, 
the material remaining is thoroughly washed to eliminate any excess chemical agent. 
Chemical activation can almost completely remove the heteroatoms like hydrogen 
and oxygen at a lower temperature compared to that of physical activation (Jankowska et 
al., 1991). Additionally, the carbon product yield of chemical activation is higher than 
that of physical activation due to low activation temperature and cross linking reactions 
caused by activation agent. Thus the compounds that would otherwise volatilize in 
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physical activation due to the high temperature will stay bound (Jagtoyen et al., 1992; 
Jagtoyen et al., 1993 and Solum et al., 1995).
The starting materials for the manufacture of ACFs are cross-linked fibers 
(novoloid fibers). These fibers are infusible and insoluble and have very high resistance 
to chemical attack (Hayes, 1985). Novoloid fibers are carbonized and activated with a 
one step process to produce ACF. The surface area, pore volume, and mean pore size of 
final ACF will increase with the increase of activation time (Hayes, 1985), which makes 
it possible to tailor the level of activation of the fibers for the optimal adsorption of a 
particular compound.
ACFs are produced by gradually heating the novoloid fibers to 900°C in the 
atmosphere of steam and/or carbon dioxide. This may be either a batch or continuous 
process. Specific surface areas as high as 2500 m2/g may be obtained, but due to 
increased costs and diminished yields, ACFs with specific surface areas of 1500 or 
2000m2/g are usually the practical limit for most purposes (Hayes, 1985). 
2.1.2 The structure of activated carbon and carbon fiber
The large surface area of activated carbon is almost exclusively within the 
particles. Structurally, activated carbon is considered to be made up of clusters 
(microcrystallites). These microcrystallites are rigidly interconnected and are made up of 
a stack of graphitic planes. Every carbon atom present within one particular plane is 
joined to three adjacent carbon atoms in the same plan by σ bonds. The fourth carbon 
atom participates in through  π bond (Figure 2.2). 
11
Figure 2.2 Structure of graphite crystal (Electronics Cooling, 2007)
The basal planes of the microcrystallites exposed within the micropore fissures 
during activation constitute the intraparticle surface of the activated carbon. Primarily the 
edges of the graphitic planes comprise the sides of the microcrystallites. The 
microcrystallite is estimated to be a stack of 5-15 layers of graphitic planes giving it a 
diameter or height of about 2-5 nm (Wolff, 1959; Snoeyink and Weber, 1967). Selective 
oxidation of inter-microcrystallite material gives rise to an extensive network of 
macropores, mesopores and micropores. The fissures within and parallel to the graphitic 
planes are considered to be micropores, whereas the channels through the graphitic 
regions and interstices between microcrystallites are considered to be macropores 
(Weber, 1972).
The carbon matrix contains several heteroatoms (oxygen, hydrogen, and nitrogen) 
either in the form of single atom and/or functional groups (Snoeyink and Weber, 1967; 
Pan and Jaroniec, 1996). The carbon basal planes, surface functional groups (mainly 
12
oxygen containing), and inorganic impurities constitute the heterogeneous surface of the 
activated carbon (Puri, 1970).
The pores in ACF are small and uniform in nature. The nature of the precursor 
and the graphitic character of the ACFs make the pore size distribution very narrow and 
uniform. Also, the precursor material is responsible for the nearly ash-free nature of 
ACFs. Both ACF abd GAC have graphitic structure in which the grapheme sheets are 
spaced at approximately 3.35 Å (Figure 2.2). The carbon atoms at the edges of the basal 
planes are active sites for gasification (the zigzag edges are more active than the arm 
chair edges), whereas those on the basal planes are not (Yang, 1984; Yang and Duan, 
1985). In the case of ACFs, once initiated, the gasification will continue to the 
neighboring edge sites along the same graphene sheet creating pores that are confined 
within two graphene sheets. Consequently the pores are approximately 7-10 Å in size and 
elongated within two graphene sheets. If desired, the pore size and the pore size 
distribution in the ACF can be tailored by adding a catalyst before activation (Freeman et 
al., 1989).
2.2 Adsorption of synthetic organic compounds by activated carbons and activated 
carbon fibers
Adsorption of small molecular weight SOCs by activated carbons from aqueous 
solution is generally controlled by three types of interactions: i) SOC-activated carbon, ii) 
SOC-water and iii) activated carbon-water (Karanfil and Dastgheib, 2004). These 
interactions are discussed in detail in the following sections.
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2.2 .1 SOC-activated carbon interaction
The SOC-activated carbon interaction is influenced by three factors: namely, the 
physicochemical properties of the activated carbon, the molecular structure of the SOC, 
and the solution chemistry. The type of interactions occurring between the carbon surface 
and the adsorbates can be physical interactions, chemical interactions or electrostatic 
interactions. (Lee et al., 1981; Weber et al., 1982; Summers and Roberts 1988a, b;
Radovic et al., 1997; Newcombe and Drikas, 1997; Newcombe et al., 1997; Karanfil et 
al., 1998).
In physical adsorption (physisorption), the electrons maintain their association 
with the original nuclei, whereas in chemical adsorption (chemisorption) there is a 
transfer and/or sharing of electrons between the adsorbate molecules and the carbon 
surface. A third type of interaction, electrostatic interaction, occurs between adsorbate 
ions and charged functional groups on the carbon surface (Weber and Van Vliet, 1980). 
2.2.1.1 Physisorption
Physisorption occurs through non-specific interactions existing between any kind 
of molecules, irrespective of the chemical structures. These type of non-specific 
interactions are generally referred to as van der Waals forces. These are a superposition 
of three types components, namely, London dispersive energies, Debye energies, and 
Keesom energies. consisting of London dispersion forces and classical electrostatic 
forces (Weber and Van Vliet, 1980). The most important physical factor influencing the 
adsorption of SOC onto activated carbons is the carbon pore size distribution. 
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2.2.1.1.1 Non-specific van der Waals interactions
The origin of London dispersive energies is due to the time-varying, uneven 
electron distributions in adjacent molecules. The intensity of such unevenness in a 
particular molecule is related to its ability to be polarized. Consequently, the intensity of 
intermolecular attraction energies arising from these time-varying dipoles is related to the 
product of the polarizabilities of each of the interacting set of atoms
Debye energies area a result of the dipole-induced dipole interactions. 
Juxtaposition of atoms with different electronegativities causes dipoles within chemical 
structures. Juxtaposition such a permanent dipole moment in one chemical to material 
with a time-averaged even electron distribution causes the formation of an uneven 
electron distribution in the second material. The resultant intermolecular attraction has 
strength proportional to the product of the dipole moment of the first molecule the 
polarizability of the second molecule.
Keesom energies result from dipole-dipole interactions. Permanent dipoles in 
each substance causes the molecules to orient in such a manner that the dipoles are 
oriented in a head-to-tail manner. The overall strength of these interactions is 
proportional to the product of the dipole moments of the two interacting molecules and 
the orientation of the interacting molecules.
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2.2.1.1.2 Effect of activated carbon pore size distribution on SOC adsorption
Pore size has been classified by the International Union of Pure and Applied 
Chemistry (IUPAC) according to pore diameter into four types: macropores (> 500 Å), 
mesopores (20-500 Å), secondary or supermicropores (7 -20 Å), and primary or 
ultramicropores (< 7 Å) (Lastoskie et al., 1993). The adsorption process is highly 
influenced by the pore size distribution (PSD) of the adsorbent. As the pore width 
approaches the adsorbate dimensions, multiple contact points develop between the 
adsorbate molecule and the surface of the adsorbent. These surface forces overlap leading 
to stronger adsorption or higher adsorption energy which consequently enhances the 
adsorption of SOCs by the microporous activated carbons (Economy et al., 1992 and 
Dimotakis et al., 1995). This is referred to as the ‘overlapping potential effect’. The 
adsorption energy is greater in micropores and hence increasing the microporosity would 
increase the adsorption of low molecular weight SOC molecules (Everett and Powl, 
1976); Greg and Sing, 1982; Cal et al., 1994). In a recent study performed by Karanfil 
and Dastgheib (2004), it was demonstrated that the adsorption of trichloroethylene (TCE) 
by fibrous and granular activated carbons increased as the pore volume in the micropore 
region of <10 Å increased. Their results indicated that due to the flat orientation of the 
TCE molecule, it was able to diffuse into the deep regions of the carbon micropore 
(Karanfil and Dasgtheib, 2004). Kasaoka et al., (1989a and 1989b) reported that the 
uptake of SOCs by microporous carbons occurred only in pores about 1.7 times larger 
than the second widest dimensions of the adsorbate molecules.
16
In gas phase adsorption studies, adsorption of butane by ACFs with different pore 
size distributions showed a crossover regime (Foster et al., 1992). At low butane 
pressures, the ACF with lowest surface area and smallest pore sizes exhibited the highest 
uptake, whereas at high pressures the ACFs with highest surface area and largest pore 
size and volume had highest adsorption capacities. The researchers explained that at low 
concentrations butane molecules adsorbed more tightly and condensed in the smaller 
pores; as a result the ACFs with the least pore volume demonstrated highest adsorption. 
At higher concentrations, the pore volume becomes the limiting factor. Hence the ACF 
with highest surface area and pore volume demonstrated highest adsorption merely due to 
the larger available pore volume. The adsorption of acetone by ACFs of different pore 
sizes also demonstrated a similar crossover regime (Mangun et al., 1999).
2.2.1.2 Chemisorption
Chemisorption occurs when the affinity between the solute and the carbon surface 
is significant and as a result the molecular orbitals overlap in the respective phases. This 
leads to a transfer and share of electrons between the solute and adsorbent, localized at 
the active centers on the adsorbent (i.e., the basal planes, unpaired electrons at the edges 
of the terminated basal planes and/or the surface functional groups). Chemical 
interactions are stronger than physical interactions, and are favored at higher 
temperatures. Physisorption, on the other hand, increases with decreasing temperatures
(Weber and Van Vliet, 1980). Some of the examples of chemisorption include electron 
donor-acceptor interaction between the carbonyl oxygen on the carbon surface (donor) 
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and the electron deficient aromatic ring of the solute (acceptor) and the H-bonding 
between the oxygen-containing surface functional groups (carboxylic and hydroxyl 
groups) and the solute (Weber and Van Vliet, 1980).
2.2.1.3 Electrostatic interactions
The third category of SOC-activated carbon interactions is the electrostatic 
interactions between ionic SOC and the charged functional groups on the carbon surface. 
The weak organic acids and bases dissociate in solution. The degree of dissociation 
depends upon the magnitude of the difference between the pKa of the SOC molecules and 
the pH of the solution. In addition, the surface of the carbon carries a net positive or 
negative charge depending upon the pH of the solution and the pH of the point of zero 
charge (pHpzc) of the carbon. If the pH of the media is higher than the pHpzc, the surface 
will collect net negative charge. Conversely, if the pH is lower than pHpzc, the surface 
will carry a net positive charge. Therefore, there will be either electrostatic attraction or 
repulsion between the carbon surface and the ionizable SOC depending on the pH of the 
media, pKa of the SOC molecules, and pHpzc of the activated carbon.
2.2.2 SOC-water interaction
The SOC-water interaction relates primarily to the chemical compatibility 
between SOC molecules and water. The driving force for SOC molecules to escape to the 
interfaces between solvent and adsorbent surface increases with the increasing
hydrophobicity of the SOC. This is referred to as “Solvent Motivated Adsorption,” an 
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important phenomenon in the adsorption of SOCs from aqueous solution by activated
carbons because a significant portion of the activated carbon surface is nonpolar and 
hydrophobic. According to Lundelius’ Rule, as the solubility of the SOC decreases the 
extent of adsorption by activated carbon increases (Ross and Morrison, 1988). The 
solubility of an organic compound decreases as the chain length of organic subunits 
increases and hence the adsorption increase as the homologous series is ascended 
(Weber, 1972). It is noteworthy that these rules are valid only in the absence of the size 
exclusion effect which limits the access of adsorbate molecules to the deeper region of 
carbon pores.
As the polarity increases, the solubility of the SOC increases and consequently its 
adsorption by activated carbon decreases. The polarity of SOC molecules can result from 
the difference in the electronegativities among the various atoms, which causes an 
unequal distribution of electron density, or due to the presence of various functional 
groups. Also, ions are more soluble in water compared to their neutral molecules and 
hence generally the undissociated SOC molecules adsorb more strongly than their ionized 
forms.
2.2.3 Activated carbon-water interaction
The activated carbon-water interaction depends on the polarity of the carbon 
surface which results from the hydrophilic surface sites. Water molecules adsorb on these 
hydrophilic sites to form clusters, which can effectively reduce the accessibility and 
affinity of organic molecules to the inner pore where the majority of the carbon surface 
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area is located. Consequently the overall adsorption capacity is reduced. Water cluster 
formation is especially important in the adsorption of SOCs at dilute concentrations 
typically encountered in environmental treatment systems.
2.3 Adsorption of DOM onto activated carbons and activated carbon fibers
Adsorption of DOM onto GACs and ACFs has been widely investigated. Some 
investigation results closely relevant to this study are discussed in this section.
The adsorption of DOM separated from the influent of a treatment plant in 
Charleston, South Carolina by two ACFs (ACF10 and ACF20H) and one GAC 
(HD3000) was investigated by Dastgheib et. al (2004). ACF10 had about 90% of its pore 
volume in pores less than 10 Å, ACF20 had 98% of its total volume in pores <20 Å and 
about 67% volume in pores <10 Å in size. However, ACF10 and ACF20 had similar 
volumes in <10 Å pore size range. HD3000 was predominantly mesoporous and was the 
only adsorbent in this study having pores >30 Å in size. The results showed that ACF10 
displayed negligible DOM uptake implying that pores <10 Å in size are nearly
inaccessible to the DOM molecules. However, ACF20H did show some amount of DOM 
uptake. Therefore, it was concluded that some components of DOM access and adsorb in 
the 10-20 Å pore size region but not pores <10 Å. The most mesoporous HD3000 
showed the highest DOM uptake among the three adsorbents. The size exclusion 
chromatography (SEC) results showed that only low molecular weight DOM components 
were removed by ACF20 indicating that only the low molecular weight fractions of 
DOM are accessible to pores <20 Å in size (Cheng et al., 2005).
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In another study, adsorption of humic acids and a river water DOM onto a 
microporous GAC (F400) was investigated (Kilduff et al., 1996). It was found that the 
microporous adsorbent preferentially removed the low molecular weight humic acid 
components. Several studies also investigated the role of carbon pore size distribution in
DOM adsorption, and it was found that DOM adsorption increased with an increase in 
secondary micropore and mesopore volumes (Bjelopavlic et al., 1999 and Newcombe, G., 
1999).
2.4 Effect of dissolved organic matter (DOM) on the adsorption of 
SOC by activated carbons
All sources of drinking water contain natural organic matter (NOM). NOM 
presents in either dissolved or colloidal, or particulate forms. NOM in water comes from 
internal and/or external sources. Internal sources include organic matter derived from the 
algae, bacteria, and other biota growing in water body, while external sources include 
organic matter that makes its way to the source water via run-off from surrounding 
terrestrial water sheds and/or from infiltration from the groundwater (Thurman, 1985; 
Croue et al., 2003). With respect to the application of activated carbon adsorption in 
water treatment, the most problematic components of NOM is the dissolved organic 
matter (DOM) fraction, a heterogeneous mix of hydrophilic acids, proteins, lipids, 
carboxylic acids, polysaccharides, amino acids, and hydrocarbons. DOM is operationally 
defined as constituents of NOM passing through a 0.45 μm filter. Due to its 
heterogeneous nature, DOM concentrations in fresh waters are often quantified with 
surrogate parameters like total organic carbon (TOC) and/or dissolved organic carbon 
21
(DOC). In a recent nationwide survey, the lowest and highest DOC concentrations 
reported in the United States were < 0.35 and 27.5 mg/L, respectively, with the mean 
concentration in the water sources being around 2.8 mg/L (McGuire et al., 2002). The 
DOM concentration in fresh waters is usually orders of magnitude higher than that of 
target SOC. In addition, the physicochemical characteristics of DOM are site specific and 
vary greatly from one source water to another.
The effect of DOM on the adsorption of SOCs by activated carbons has been 
investigated in numerous studies. The adsorption capacities of activated carbons to trace 
compounds, typically present at concentrations of microgram or nanogram per liter level
were reduced under both simultaneous and preloading (approach wherein the carbon is 
first equilibrated with the DOM and then the target SOC is introduced in the system) 
adsorption conditions (Kilduff and Karanfil, 2002; Carter et al., 1992; Najm et al., 1990; 
Summers et al., 1989). In a study investigating the removal of trichloroethylene (TCE) 
from a water source containing natural organics, it was found that in a GAC adsorption 
column, the best way to describe the reduction in TCE adsorption capacity due to the 
presence of DOM was by the preloading isotherm approach (Karanfil, 2006). This is due 
to the polydisperse physical and chemical properties of DOM which lead to the formation 
of extended adsorption zones in the fixed-bed activated carbon adsorbers. As a result the 
mass transfer zone of the DOM components moves ahead of that of the target SOC 
compound. Due to the faster movement of the mass transfer zone of DOM compared to 
that of SOC, the fresh GAC in the lower layers of the adsorber is continuously preloaded 
or fouled by the DOM components prior to SOC adsorption. This preloaded GAC 
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therefore has reduced adsorption capacity for subsequent target SOC compound 
(Karanfil, 2006)
It has been proposed that direct competition for adsorption sites and pore 
blockage are the two primary competition mechanisms by which DOM interferes the 
adsorption of trace organic compounds (Carter et al., 1992). Small, strongly adsorbing 
DOM molecules, comparable in size to  target SOC compound directly compete for
adsorption sites and causing a reduction in the adsorption capacity of the target SOC. In 
contrast, large DOM molecules that may not adsorb on the same sites as the target 
compound are capable of blocking the pore entrances through which the target compound 
has to travel to access its final adsorption sites (Carter et al., 1992).
In an earlier study investigating the removal of five taste and odor organic 
compounds of nanogram per liter levels in water supplies, it was observed that presence 
of background organics reduced the adsorption capacity of activated carbon to odor-
causing compounds geosmin and 2-methylisoborneol (MIB) (Lalezary et al., 1986). 
Competition between MIB and DOM was also investigated by Newcombe and co-
researchers using a series of PAC with different pore size distribution (Newcombe et al., 
2002). They compared the adsorption of MIB after 4 hours of contact time and also under 
equilibrium conditions (3-6 days of contact time) using DOM obtained from a reservoir. 
They found that microporous carbons showed higher equilibrium capacities but slower
kinetics for the adsorption of MIB. The low molecular weight NOM compounds were 
found to be the most competitive. Some evidence of pore blockage and/or restriction was 
also observed. The microporous carbons were significantly affected by the low molecular 
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weight fraction of NOM, while the mesoporous carbons were impacted by the high 
molecular weight NOM compounds. The order of MIB removal capacity of the carbons
obtained in the presence of smallest size DOM with contact time less than 1 hour was 
different from that measured at equilibrium conditions. Therefore, they concluded that 
the performance of PAC depends on the contact time.
Matsui et al. (2002) investigated the removal of two pesticides of similar 
molecular size: simazine and asulam, from  NOM-containing water using pilot-scale 
GAC adsorbers over a period of three years. They found that the SOC removal 
percentage obtained at any preloading time and bed depth was independent of the liquid-
phase SOC concentration. Asulam due to its highly polar nature was less capable of 
displacing preadsorbed NOM than simazine. This meant that the fraction of preloaded 
NOM affecting the adsorption of asulam differed from the fraction affecting the 
adsorption of simazine. They also found that the mass transfer zone of the NOM fraction 
competing with asulam traveled more rapidly through the adsorber as compared to the 
mass transfer zone of the NOM fraction that competed with simazine. As mentioned 
earlier, this effect was attributed to the difference in the adsorption affinity of the two 
SOCs the weakly adsorbing asulam was less capable of displacing the preloaded NOM. 
Several studies have been performed to investigate the role of carbon surface 
chemistry and pore size distribution on the competitive adsorption of SOC and NOM. 
The effects of physical and chemical properties of activated carbon on the simultaneous 
adsorption of SOC and NOM were investigated by Quinlivan et al. (2005). The SOCs 
used in this study were a relatively hydrophilic fuel additive, methyl tertiary-butyl ether,
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(MTBE) and relatively hydrophobic solvent, TCE. The adsorbent matrix consists of
twelve ACFs with three activation levels and four surface chemistry peoperties and three 
commercially available GACs. The results indicated that both in the presence of NOM, 
the percent reductions in the TCE and MTBE adsorption capacities compared to that of 
single-solute adsorption were not significantly affected by the chemical characteristics of 
the activated carbon. The hydrophobic carbons were found to be more effective than the 
hydrophilic ones for both TCE and MTBE adsorption because of the interference of the 
water clusters on the adsorption of hydrophilic carbons. They also claimed that, with 
respect to pore structure, the adsorbents should possess a large volume of micropores 
with widths about 1.5 times of the kinetic diameter of the target adsorbate. They also 
stated that an adsorbent, to be effective and to prevent pore blockage resulted from NOM 
adsorption, should possess a pore size distribution extending to the widths that are 
approximately twice of the kinetic diameter of the target adsorbate.
Karanfil and Kilduff (1999) showed that for single solute TCE and 
trichlorobenzene adsorption onto activated carbons, surface acidity played an important 
role: increasing surface acidity or polarity of the carbon reduced the adsorption of 
hydrophobic SOC. Heat treatment in an inert atmosphere was used to decrease surface 
acidity and polarity in this study, which increased the adsorption of  SOC (Karanfil and 
Kilduff., 1999). Kilduff et al. (2002) evaluated the effects of adsorbent surface chemistry 
on TCE adsorption capacities of NOM preloaded activated carbons. The percent decrease 
in TCE adsorption capacity resulting from NOM preloading became lower with 
increasing surface acidity for coal-based activated carbons. However, the single-solute 
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TCE adsorption capacity also decreased with decreasing surface acidity, and the latter 
effect dominated. Therefore, the most hydrophobic adsorbent, i.e. the activated carbon 
with the lowest surface acidity, exhibited the largest TCE adsorption capacity following 
NOM preloading. For wood based activated carbons, however, decreasing the surface 
acidity did not increase the effect of NOM preloading on the percent reduction in TCE 
adsorption capacity. The adsorbent with the lowest surface acidity among the wood-based 
activated carbons was again the most effective for TCE adsorption with/without the 
presence of NOM (Kilduff et al., 2002).
Pelekani and Snoeyink (1999) examined the effect of DOM on the adsorption of 
atrazine by two activated carbons fibers: ACF10 (a microporous activated carbon fiber) 
and ACF25 (a mesoporous activated carbon fiber). It was found that the adsorption of 
ACF10 to atrazine was significantly reduced even its DOM uptake is slight. By contrast, 
the adsorption capacity of atrazine of ACF25 showing relatively high DOM uptake, even 
though was reduced but not to the same extent as in the case of ACF10. The researchers 
concluded that the DOM competitive effect for ACF10 was due to pore blockage and that 
for ACF25 was due to direct site competition. They therefore proposed that high 
secondary micropore volume can reduce the impact of DOM on SOC adsorption. The 
researchers further strengthened their claim by performing more experiments using 
atrazine and dyes of molecular sizes comparable to that of atrazine. For dyes with similar 
molecular size as that of atrazine (in the 10-20 Å size range), wide pore size distribution 
and high volume in the secondary micropore region significantly reduced the competition 
between the two adsorbates. A similar investigation (Ebie et al, 2000) showed that the 
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DOM-SOC competition can be reduced by broadening the pore size distribution and 
increasing pore volume above 3 nm.
Adsorption of TCE in the presence of different background DOMs and their 
hydrophobic and transphilic fractions onto several carbonaceous sorbents including 
ACF10 was performed by Karanfil et al. (2006). In this study, the carbons were first 
contacted with DOM for two weeks (preloaded) and subsequently TCE was spiked into 
the reactors and allowed to reach equilibrium. The activated carbons with significant 
DOM uptake showed significantly reduced TCE adsorption. However, for adsorbents
demonstrating very little DOM uptake, such as ACF10 shown in previous studies, the 
impact of DOM preloading on the TCE adsorption was unapparent. This suggested the 
potential of using microporous carbons as molecular sieve, whereby the bulky DOM 
molecules are ‘sieved out’ and only the small SOC molecules are removed from the 
solution by adsorption in the pores inaccessible to the DOM molecules.
The role of solution chemistry on the NOM preloading of GAC and subsequent 
TCE adsorption was investigated by Kilduff and Karanfil (2002). They found that an 
increase in solution ionic strength, calcium concentration (within solubility limits) and 
dissolved oxygen enhanced the DOM adsorption. Consequently, greater reductions in 
TCE adsorption occurred for a given percentage of TOC removal. They also found that 
the reduction in TCE uptake was only dependent on the DOM adsorbed during 
preloading not the ionic strength or calcium concentration. Therefore they concluded that 
the DOM competition could be significant at high DOM preloading condition as a result 
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of high ionic strength, low pH, high dissolved oxygen, or significant divalent calcium 
concentrations.
In summary, the activated carbon adsorption efficiency to SOCs was reduced by 
DOM competition due to: (i) the concentration of DOM (mg/L) is orders of magnitude 
higher than that of the target SOC compound (μg/L or even ng/L); (ii) DOM hinders SOC 
adsorption onto activated carbon by pore blockage and it also directly competes with the 
target SOC for adsorption sites on the activated carbon surface; (iii) DOM, a big and 
bulky molecule has the ability to bind at multiple sites and does not desorb easily from 
the carbon surface. The extent of site competition and pore blockage effects of DOM on 
the SOC adsorption depends on: (i) the concentrations of both DOM and the target SOC, 
(ii) the physicochemical properties of the DOM mixture, (iii) the molecular structure and 
dimensions of the SOC, (iv) pore size distribution and surface chemistry of the activated 
carbon, (v) the chemistry of the source water, and (vi) contact time (Karanfil, 2006).
In practical applications, the competitive adsorption of DOM and the target SOC 
compound is unavoidable. This often results in the operation life of the GAC adsorbers 
being drastically reduced and an increase in the carbon usage rate. Overall, the presence 
of DOM impairs the performance of both fixed-bed carbon adsorber and PAC 
applications. 
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CHAPTER 3
RESEARCH OBJECTIVES
The main objective of this study was to conduct a systematic experimental 
investigation to test these proposed series of hypotheses and determine approaches to 
mitigate DOM competition on the SOC adsorption.
Considering the literature review presented in the previous chapter and the fact 
that the approximate diameters of aquatic DOM in the range of 10 to 17Å reported in 
several studies (Moore et al., 2001), it has been hypothesized in this work that 10 Å
represents an important cutoff value for developing strategies to minimize the impact of 
DOM on SOC adsorption (Karanfil, et al., 2006). It was postulated that for the adsorption 
of SOC with target adsorption region in pores less than <10 Å (e.g., TCE), one possibility 
to mitigate the DOM competition is to use a very microporous activated carbons having 
mainly pores <10 Å, which are accessible to the SOC but not the DOM components. In 
this case, the activated carbon is expected to act as a molecular sieve, minimizing the
competition from the DOM molecules, as long as they do not completely block the 
carbon pores. The second possibility is to use an activated carbon with a broad pore size 
distribution including appreciable pore volumes in both transitional pores (i.e., secondary 
micropores (10-20 Å), mesopores (20-50 Å)) to accommodate DOM molecules and
primary micropores (i.e., <10 Å) for the target SOC (e.g., TCE).
It is further postulated that if the optimum region for the SOC adsorption is in 
pores >10 Å (e.g., atrazine), where the optimum pore region of target SOC and some 
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DOM components overlaps, then activated carbons with high pore volumes in the 
secondary micropores and mesopores should be selected to reduce the DOM competition.
Two SOCs adsorbing in the significantly different pore size regions, TCE and 
atrazine, were selected as the target compounds to experimentally test these hypotheses. 
As discussed earlier, several studies have investigated the adsorption of these two 
compounds individually (Karanfil and Dastgheib, 2004; Karanfil et al., 2006; Pelekani 
and Snoeyink, 1999, 2000, 2001), however their adsorption on a set of adsorbents with 
different pore size distributions in the presence of the same background DOM has not 
been compared side by side. Since the hypotheses postulated above are mainly derived 
from many observations obtained using carbon fibers (Pelekani and Snoeyink, 2000;
Karanfil and Dastgheib, 2004), and it is known that activated carbon fibers and activated 
carbons have important differences in their pore structures (Figure 2.1), the selected 
adsorbents for this study consisted of five activated carbons (four GACs and one ACF) to 
examine the proposed hypotheses from a practical application perspective. The ACF was 
selected for the purpose of comparing the results between GACs and ACFs.
The selected adsorbents covered a wide and gradually increasing pore size 
distribution, ranging from very microporous to carbons with some degree of 
mesoporosity and finally to a predominantly mesoporous adsorbent. These adsorbents 
were selected because they also had relatively similar surface acidity and hydrophobicity. 
Similar surface chemistry was an important consideration in the adsorbent selection 
because the main goal of the study was to obtain a better understanding on the interplay 
between the optimum adsorption pore size regions of the target SOC and the DOM 
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controlling the SOC-DOM competitive adsorption. A secondary objective in the study
was to conduct a limited number of kinetic experiments to gain additional understanding 
of the DOC-SOC competitive adsorption.
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CHAPTER 4
MATERIALS AND METHODS
4.1 Adsorbents
Four granular activated carbons (two coconut shell-based: OLC (Calgon Carbon 
Corporation) and CR3140C (Carbon Resources); two coal-based: F400 (Calgon Carbon 
Corporation) and HD4000 (Norit Inc.)) and a phenol formaldehyde based activated 
carbon fiber ACF10 (American Kynol Inc.) were used in this project.
Virgin GAC samples were crushed, sieved and washed with DDW (distilled and 
deionized water, then dried at 90°C and stored in sealed containers for later experimental 
use. The GAC particles collected between US standard sieves of  #80 and #100 mesh size 
(150 m < diameter < 180 m) were used in the experiments. ACF was cut into very 
small pieces and was used in the form of small fiber threads.
4.1.1 Treatment of the selected adsorbents
Virgin OLC, CR3140C (from here on referred to as CRC) and ACF10 were used 
without any further treatment in this study.
Approximately 5-10 g of F400 was heat treated under helium (He) flow for 2 
hours at 900oC in a quartz reactor within a tubular furnace. The primary aim of this heat 
treatment was to remove most of oxygen surface functionalities (Puri, 1970), thus
decrease the surface acidity of the carbon (Karanfil and Dastgheib, 2004). It has been 
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shown that the presence of oxygen-containing surface functionalities has negative impact 
on adsorption of SOCs due to the formation of water clusters around the heteroatoms on 
the surface of the activated carbon (Karanfil et al., 2006). This sample was labeled as 
F400He, where He stands for the helium treatment.
Steam treatment was applied on HD4000 carbon in order to enlarge the pores and 
obtain a significantly mesoporous carbon. Steam treatment, to some extent, also 
decreased the surface acidity of the carbon. About 150 g carbon sample was placed into a
combustion quartz tube within a furnace. The temperature was raised to 800°C at 
30°C/min under nitrogen flow at a rate of ~100 cm3/min. Then, the gas flow was
switched to high temperature steam at ~30 g H2O/min for 2, 3 or 4 hrs, respectively. 
After the steam treatment, the furnace was shutdown and the gas flow was switched back 
to nitrogen until the furnace was cooled down to room temperature. The treated carbon 
sample was then washed repeatedly with DDW and dried at 90°C. These modifications 
were performed by Dr. Wei Cheng, who at the time was a doctoral student in Dr. 
Karanfil’s research group.
4.2 Adsorbates
Trichloroethylene (TCE) and atrazine are the two adsorbates selected for this 
study. TCE is a planar molecule with dimensions of 6.6 × 6.2 × 3.6 Å (Fig 4.1), and 
atrazine molecule is a relatively bulky with dimensions of 11.5 × 10.9 × 6.7 Å (Fig 4.2).
TCE (Mallinckrodt Baker Inc.) stock solution was prepared in methanol and 
stored in a sealed bottle under refrigeration. TCE was analyzed after hexane extraction on 
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a Hewlett Packard 5890 gas chromatograph equipped with an electron-capture detector.
A mixture of 14C radio-labeled atrazine (American Radiolabeled Chemicals, Inc.) and 
non-labeled atrazine (Sigma-Aldrich) was used in the experiments. Both atrazine stock
solutions were prepared in acetone and stored in separate sealed bottles under 
refrigeration. Only the content of 14C atrazine was analyzed in the aqueous phase 
experiments assuming that the percent reduction observed in 14C atrazine is the same as 
that of the total atrazine content. The atrazine concentration was determined by analyzing 
the 14C atrazine in a mixture of 1mL solution and 10 mL liquid scintillation cocktail 
(Ultima Gold, Perkin Elmer) with a Wallac 1415 Liquid Scintillation Counter (LSC).
Figure 4.1 Trichloroethylene molecule
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Figure 4.2 Atrazine molecule
4.3 DOM solution
DOM was collected from the influent of Spartanburg drinking water treatment 
plant in South Carolina (USA) using a reverse osmosis (RO) system, as described
elsewhere (Kitis et al., 2001). Mass balance calculations showed that the DOM recoveries 
during RO isolation were over 87%, indicating that the majority of the DOM in the 
source was captured. The DOM had a specific ultraviolet absorbance (SUVA254) of 3.2 
L/mg-m. The RO concentrate was diluted to the desired dissolved organic carbon (DOC) 
concentration before the SOC competition adsorption experiments. The DOM collection, 
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RO isolation and mass balance calculations were performed by Ms. Olivia Orr, who is 
student in Dr. Karanfil’s research group and Dr. Hoechoel Song, who is a post doctoral 
research associate in Dr. Karanfil’s research group.
4.4 Characterization of the adsorbents
The characteristics of adsorbents were determined from nitrogen adsorption 
results: (i) BET equation for surface area, (ii) nitrogen uptake at relative pressure around 
0.98 for total pore volume, and (iii) Micromeritics’ density functional theory (DFT) for 
pore size distribution. The pH of the point of zero charge (pHpzc) values were measured to 
characterize the carbon surface acidity. Water vapor isotherms of the adsorbents were 
volumetrically obtained from the low relative pressures of 10-2 up to relative pressures 
close to one at 273.15 K using the Micromeritics ASAP 2010 surface analyzer. Carbon 
characterization was performed by Dr. Yangping Guo, who is a post doctoral research 
associate in Dr. Karanfil’s laboratory.
4.4.1 Surface area and pore size distribution 
Nitrogen gas adsorption isotherms, volumetrically obtained in the relative 
pressure range of 10-6 to 1 at 77 K on a Micromeritics ASAP 2010 Physisorption
Analyzer, was used to determine the surface area and pore size distribution of the 
samples. Surface area was calculated from Brunauer-Emmett-Teller (BET) equation. The 
relative pressure range used for the BET calculation was 0.01 to 0.1. Micromeritics DFT 
software coming with the analyzer was used to determine the pore size distribution of the 
38
activated carbon samples. A graphite model with slit shape pore geometry was assumed 
in the pore size distribution calculation. The adsorbed volume of the nitrogen near 
saturation point (P/Po = 0.98) was used to determine the total pore volume. Triplicate
results of randomly selected samples were used to determine the reproducibility of the 
data and the RSD (relative standard deviation) of the BET surface area, micro pore 
volume and the total pore volume was lower than 10%.
4.4.1.1 Brunauer-Emmett-Teller (BET) model
Brunauer et al. (1938) generalized a form of Langmuir isotherm by incorporating
the concept of multilayer adsorption to formulate the BET model, which is used to 
determine the surface area of a sample based on the assumption that the forces 
responsible for the binding energy in multimolecular layer adsorption are the same as 
those involved in the condensation of gases. The BET equation was obtained by equating 
the rate of condensation of the molecules onto an already adsorbed layer to the rate of 
evaporation from that layer and summing for an infinite number of layers. Rearranging 
that equation in a linear form results in following BET equation (Webb and Orr, 1997): 
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Where 
P0= saturation pressure of the adsorption gas
Va= quantity of gas adsorbed at pressure P
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Vm= quantity of gas adsorbed when the entire surface is covered with a 
monomolecular layer
C= constant.
The volume of the monolayer (Vm) can be obtained by plotting P/ (Va (P0-P)) Vs 
P/P0, where 1/VmC is the intercept and (C-1) / VmC is the slope of the linear plot. It is 
possible to determine the surface area of the sample by knowing the volume of the 
monolayer adsorption and the area occupied by a single adsorbate molecule: 16.2 Å2 for 
nitrogen, 21.0 Å2 for krypton, 14.2 Å2 for argon and 17.0 Å2 for CO2 (Webb and Orr, 
1997).
4.4.2 pH of the point of zero charge (pHpzc)
The pHpzc was determined according to the method described in Karanfil and 
Dastgheib (2004). Distilled and deionized water (DDW) was initially boiled to remove 
dissolved CO2. The boiled DDW was used to prepare 0.1M NaCl solutions with the pH in
the range of pH 2 to pH 11 adjusted with either 0.5N HCl or 0.5N NaOH solutions. In 25 
ml vials, 100 mg of activated carbon sample was mixed with 20 ml of the 0.1M NaCl 
solutions of different pH values. The vials were shaken at 200 rpm on a table shaker at 
room temperature for 48 hours, and then were left on a bench to allow the activated 
carbons to settle down. The final pH of the solution was measured using a pH meter. The 
pHpzc was determined as the pH of the NaCl solution which did not change its pH after 
contacting with the carbon samples. Duplicate runs were also performed for randomly 
selected samples and the reproducibility of the measurements was within ± 0.2 units.
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4.4.3 Water vapor adsorption
Water vapor adsorption isotherms were volumetrically obtained at 273.15K using 
the Micromeritics ASAP 2010 Physisorption Analyzer for all the adsorbents to assess 
their surface hydrophilicity (Karanfil and Dastgheib, 2004). The water vapor uptakes in 
the low relative pressure (P/Po) range of 0.0 to 0.4 have been related to the extent of water 
cluster formation around the hydrophilic sites (Karanfil et al., 2006; Moula and Kaneko, 
2003). Approximately 50-100 mg of carbon sample was degassed for a period of 1 hour 
at 90oC and overnight at 200oC to remove the moisture and other adsorbed vapors/gases. 
The degassed samples were then transferred to the analysis port and adsorption data 
points were collected. Data were collected in the relative pressure range of 10-4 - 1. The 
water vapor adsorption experiments were performed by Dr. Yangping Guo.
4.5 Isotherm experiments
Single Solute Isotherms: Constant dose bottle point technique was used for the 
single solute isotherm experiments. Five mg of carbon was equilibrated with 133 mL 
SOC solution of different concentrations in amber glass bottles (headspace free) on a 
rotary tumbler for two weeks at room temperature (21±3°C). After equilibration period, 
final SOC concentration was analyzed.
Preloading Isotherms: Five mg of carbon was first contacted with 133 mL DOM 
solution (at two different concentrations, 5 and 20 mg DOC/L) in a series of amber glass 
bottles for two weeks. Then predetermined amounts of SOC stock solution (at L levels) 
was directly spiked into the bottles and allowed to equilibrate for another two weeks. All 
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isotherm experiments, single solute and preloading, were performed in a carbonate buffer 
of pH 7 and at room temperature (21±3°C). 
DOM adsorption Isotherms: Constant-dose bottle point isotherm experiments with 
a wide range of initial DOM concentrations were performed for the MB water.  Fifty 
milligrams of carbon was placed in each ~130 mL amber bottle. One hundred milliliters 
of DOM solution, having a target concentration between 0 and 20 mg/L TOC, prepared in 
a 0.01 M NaCl background (providing approximately 2000 S/min conductivity for all of 
the solutions), were added in each bottle. Two types of blanks served as controls during 
the isotherm experiments: bottles containing solutions with various DOM concentrations
but without any adsorbent, and bottles containing carbons in contact with distilled and 
deionized water. Sealed bottles were placed on a rotary tumbler for 14 days at room 
temperature (22+2C). The pH of the water during the adsorption experiments ranged 
from 6.5 to 7.5. After two weeks of contact time, solutions (including blanks) were 
filtered using a pre-washed membrane filter (0.45m Supor, Gelman, Ann Arbor, 
Michigan, USA), and analyzed for UV254 absorbance using a spectrophotometer (DU-
640, Beckman, Fullerton, California, USA), and dissolved organic carbon (DOC) 
concentration using a high temperature combustion analyzer (TOC-5000, Shimadzu, 
Kyoto, Japan). The DOM adsorption isotherms were performed by Dr. Wei Cheng.
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4.6 Kinetics experiments
Single Solute Kinetics: In distilled and deionized water, 5 mg of adsorbent was
contacted with 133 mL of SOC solution of the same concentration in a series of amber 
glass bottles (headspace free) on a rotary tumbler at room temperature (21±3°C). Samples
were removed at periodic intervals for analysis in order to obtain the adsorption kinetics. 
A different bottle reactor was used for each point in order to maintain constant dose for 
all the sample points.
Kinetics in the Presence of 5 mg/L Background DOM: The experimental setup for 
these experiments was similar to the DDW kinetic experiments, except that a background 
DOM solution of 5 mg DOC/L was used instead of DDW.
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CHAPTER 5
RESULTS AND DISCUSSION
5.1 Characterization of the adsorbents
Surface area and pore size distribution, pHpzc, and water adsorption 
characterization results were obtained for all the five activated carbons (Table 5.1). The 
pore size distributions for all five adsorbents are presented graphically in Figure 5.1. This 
section will present a discussion of the characterization results. The results indicated that 
the carbons ranged from extremely microporous, to some degree of mesoporous and 
primarily mesoporous. The ratio of available pore volume in the primary micropores (<10 
Å) to the pore volume available in pores less than 1000 Å in size indicated that there 
were three microporous carbons. ACF10 was the most microporous adsorbent, with 90% 
of its volume in pores less than 1000 Å being present in pores <10 Å in size. OLC and 
CRC, the two coconut-shell based activated carbons showed relatively similar pore size 
distributions and were predominantly microporous. F400He had lower pore volume 
available in pores <10 Å as compared to ACF10, OLC, and CRC but was higher than 
HD4000ST. Finally, HD4000ST had the least primary micropore volume and the highest 
mesopore volume (>20 Å) among all five studied adsorbents. HD4000ST however, had 
comparable secondary micropore (10-20 Å) volume to CRC and F400He. 
F400He had the highest pore volume in the secondary micropores (10-20 Å). 
CRC and HD4000ST showed similar pore volumes but were slightly lower than F400He. 
OLC had significantly lower volume in the pore size range of 10-20 Å than the three 
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carbons mentioned above (about 50% lower than that of F400He). ACF10 had the lowest 
volume in this pore size range, which is about 85% lower than that of F400He. In pores >
20 Å, ACF10, OLC and CRC had negligible pore volumes. F400He showed some pore 
volume in this size range while HD4000ST had the highest pore volume available in this
pore size range. Overall, these results indicated that the adsorbent matrix consisted of 
carbons with a gradually broadening pore size distribution, which in terms of being 
microporous to mesoporous followed the order of ACF10 > OLC ≥ CRC > F400He > 
HD4000ST.
The pHpzc values of the five carbons ranged from 8.6 to 10.9, indicating that all 
carbons used in this study are basic in nature. The high pHpzc values also signify the 
absence of various acidic groups on the surface of the activated carbon, thus all the 
carbons are relatively hydrophobic in nature (Karanfil and Dastgheib, 2004). However, 
the direct information about the surface hydrophilicity was obtained by performing water 
vapor adsorption experiments. The results of the water vapor adsorption are displayed in 
Figure 5.2. The water vapor uptake at low relative pressure (P/Po) range (e.g., 0.0 to 0.4) 
has been related to the extent of water cluster formation or the degree of hydrophilicity 
(or polarity) of the carbon surface (Karanfil et. al, 2004; Mowla and Kaneko, 2003). In 
this study, the water vapor uptake at a relative pressure of 0.4 was selected to represent 
the hydrophilicity of the five activated carbons. The order of water vapor uptake was 
HD4000ST ≈ F400He < OLC ≈ CRC < ACF10. However, these values, when compared 
to those measured in the previous work for a series of virgin and surface modified 
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activated carbons (Karanfil and Dastgheib, 2004), indicated that these adsorbents had
relatively hydrophobic surfaces.
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Table 5.1 Physicochemical characteristics of the carbons
Pore Vol. Distribution
SBET Vt 5-8 Å <10 Å
10-20 
Å
>20 Å <1000 Å <10 Å/<1000 Å
Water Uptake 
at P/Po=0.4Adsorbent
m2/g cm3/g Cm3/g cm3/g cm3/g cm3/g cm3/g %
pHpzc
cm3/g
ACF10 941 0.54 0.24 0.26 0.03 0.00 0.29 90 8.6 0.108
OLC 987 0.42 0.19 0.25 0.07 0.02 0.35 71 8.9 0.060
CRC 1120 0.46 0.21 0.27 0.11 0.02 0.39 69 10.9 0.061
F400He 1037 0.51 0.17 0.21 0.13 0.10 0.43 49 9.8 0.033
HD4000ST 932 0.96 0.13 0.14 0.11 0.49 0.74 29 8.7 0.035
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Figure 5.1 Pore size distribution of all five carbons
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Figure 5.2 Water vapor adsorption for all activated carbons
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5.2 TCE isotherms
The single solute TCE adsorption isotherms for all five activated carbons are 
shown in Figure 5.3. At low equilibrium liquid phase concentrations (1-10 g/L), the 
TCE uptake was comparable for all carbons, however, at high concentrations the carbons 
with more volume in pores <10 Å showed higher uptakes. Similar TCE uptakes by all 
carbons corresponding at low equilibrium liquid phase concentrations is due to the fact 
that all carbons have orders of magnitudes higher primary micropore volumes than the 
required volume for TCE adsorption at this condition (Karanfil and Dastgheib, 2004).
The effect of adsorbent on the TCE uptake emerged with increasing equilibrium 
concentration. At equilibrium concentration of 1000 g TCE/L, ACF10 and OLC show 
the highest uptakes followed by CRC and F400He, which show similar uptake. Finally, 
HD4000ST showed the lowest TCE uptake among all the carbons investigated in this 
study.
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Figure 5.3 Single solute TCE adsorption in DDW
The density of TCE at 25°C is 1.46 g/mL (CRC Handbook of Chemistry and 
Physics, 1992), therefore the adsorbed TCE molecules occupy approximately 0.07 cm3/g 
pore volume at the highest surface loadings, ~ 100 mg TCE/g carbon, of the isotherms. 
Also, the primary micropore (<10 Å) volumes (i.e., the important pore size region for 
TCE adsorption) of all adsorbents were two to four times higher than the pore volume 
required to accommodate the adsorbed TCE molecules. In Figure 5.3, the order of 
uptakes by different carbons at high TCE concentrations increased with increasing 
primary micropore volumes of the carbons. The only exception was CRC, which had the 
highest primary micropore volume but showed lower TCE uptake than OLC and ACF10.
In a previous study, it was concluded that 5-8 Å is the optimum TCE adsorption region 
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within the pores <10 Å (Karanfil and Dastgheib, 2004). AFC10 had the highest pore 
volume in this pore region and highest TCE uptake. Although CRC had slightly higher 
pore volumes in this pore size region than OLC, it showed lower TCE uptake than OLC.
These results showed that (i) the sorbents having higher amount of pores with 
sizes approaching the dimensions of the adsorbate molecules show higher uptakes, 
probably due to higher adsorption energies resulting from multiple contact points 
between the adsorbate molecules and the adsorbent, (ii) it appears that there are some 
pore structure effects that are not completely captured by pore size distribution analysis. 
For example, OLC showed higher TCE uptake than CRC at high equilibrium 
concentrations despite the latter having higher pore volumes in <10 Å and 5-8 Å pore 
size regions than the former.  Furthermore, OLC and F400 showed similar uptakes at 
high equilibrium concentrations, although the former had higher pore volumes in <10 Å
and 5-8 Å pore size regions than the latter. In all these cases, the volumes in the 
mentioned pore size regions were not limiting factors; they were at least twice the amount 
required by the adsorbed TCE molecules, and (iii) the BET surface area and total pore 
volume are not the factors controlling the adsorption.
Preloading experiments were performed at two DOM concentrations, 5 and 20 mg
DOC/L (Figure 5.4 and 5.5). The single solute DOM adsorption isotherms on all carbons 
are shown in Figure 5.6. The single-solute and preloading TCE isotherms for individual 
carbons at the two preloading levels are shown in Figures 5.7 to 5.11.
The DOM uptake was in the order of F400He ≈ HD4000ST > OLC ≈ CRC >> 
ACF10 (Figure 5.6). The minimal DOM uptake demonstrated by ACF10 was consistent 
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with the observations of previous research that the pores <10 Å are not accessible to 
DOM molecules (Pelekani and Snoeyink, 2000; Cheng et al, 2005). This finding further 
supports that 10 Å can be an important pore size cutoff to examine the DOM-SOC 
competitions. OLC and CRC, despite their microporous nature, showed similar but low 
degree of DOM uptakes, indicating that some DOM molecules can access pores of 10-20 
Å since these two carbons had small pore volumes in pores >20 Å. F400He and 
HD4000ST showed similar but significantly higher degree of DOM uptakes than the 
other three adsorbents. Despite the significantly higher pore volume of HD4000ST in 
pores >20 Å than F400He, they exhibited similar DOM uptakes. It is difficult to assign 
precise boundaries for the optimum adsorption pore size region for the DOM due to its 
heterogeneous molecular size distribution. HD4000ST had one unit lower pHPZC than 
F400He. Although it is known that DOM adsorption decreases with increasing carbon 
surface acidity (Karanfil and Kilduff, 1999), it has been shown that one unit difference in 
the pHPZC in the basic pH range is less likely to be the primary factor affecting the DOM 
adsorption (Cheng et al., 2005). These observations also suggest that there is an overlap 
in the optimum adsorption pore size region of atrazine and that of some of the DOM 
components used in this study.
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Figure 5.4 TCE adsorption isotherms for carbons preloaded with 5 mg DOC/L
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Figure 5.5 TCE adsorption isotherms for carbons preloaded with 20 mg DOC/L
54
0
5
10
15
20
25
0 5 10 15 20
Ce (mg/L DOC)
Q
e 
(m
g
 D
O
C
/g
 c
ar
b
o
n
)
ACF10
OLC
CRC
F400He
HD4000ST
Figure 5.6 Single solute DOM isotherms for all carbons
The TCE isotherm data for all the carbons were modeled using the Freundlich 
equation:
qe = KFCe
n
qe = solid-phase equilibrium concentration, mg/g
Ce  = aqueous phase equilibrium concentration, g/L
KF = Freundlich equilibrium capacity parameter providing a measure of overall 
adsorption capacity.
n = exponential parameter relating to the magnitude of the driving force for the 
adsorption and the distribution of adsorption site energies (Weber, 1972).
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The Freundlich parameters KF and n were determined by linear geometric mean 
functional regression of log-transformed experimental data (Smith and Weber, 1989; 
Halfon, 1985; Olmstead and Weber, 1990). The single solute and preloading isotherms of 
individual carbons and the corresponding Freundlich fits are presented in Figures 5.7 to 
5.11 and the Freundlich parameters are summarized in Table 5.2. The 95 % confidence 
intervals for the Freundlich parameters was calculated as is shown in Table A1 in the 
appendix.
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Figure 5.7 TCE single solute and preloading isotherms for OLC
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Figure 5.8 TCE single solute and preloading isotherms for ACF10
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Figure 5.9 TCE single solute and preloading isotherms for CRC
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Figure 5.10 TCE single solute and preloading isotherms for F400He
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Figure 5.11 TCE single solute and preloading isotherms for HD4000ST
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Table 5.2 Freundlich coefficients for all TCE adsorption isotherms
Isotherm KF N
OLC (single solute) 2.43 0.57
OLC (preloading 5 mg DOC/L) 1.97 0.58
OLC (preloading 20 mg DOC/L) 1.56 0.59
ACF10 (single solute) 1.78 0.62
ACF10 (preloading 5 mg DOC/L) 1.30 0.62
ACF10 (preloading 20 mg DOC/L) 0.78 0.66
CRC (single solute) 1.79 0.51
CRC (preloading 5 mg DOC/L) 1.51 0.51
CRC (preloading 20 mg DOC/L) 1.32 0.51
F400He (single solute) 2.10 0.48
F400He (preloading 5 mg DOC/L) 1.29 0.48
F400He (preloading 20 mg DOC/L) 0.66 0.53
HD4000ST (single solute) 1.83 0.47
HD4000ST (preloading 5 mg DOC/L) 1.20 0.44
HD4000ST (preloading 20 mg DOC/L) 0.78 0.45
59
Pore blockage is due to the adsorption of DOM molecules at the pore entrances. If 
large enough DOM molecules are adsorbed at the pore entrances, it is likely that the 
steric hindrances caused by the protrusion of these molecules into the bulk solution 
would hamper the diffusion of target SOC further into the pore. This results in the surface 
sites deeper in the pore remaining unoccupied or becoming inaccessible to the target SOC 
molecules. Pore blockage does not change the energy distribution of the adsorption sites 
but only their availability to the target SOC molecules. Therefore, as a result of 
preloading the n value would remain approximately constant, while the value of KF
would decrease (Carter et al., 1992). This also means pore blockage would result in the
parallel shift of the Freundlich isotherms of target solute in downward direction. This 
corresponds to the observations in this study: the isotherms of each carbon under the 
three different experimental conditions (single solute and the two preloading conditions) 
showed parallel shifts. Therefore, it appears that preadsorbed DOM blocked the carbon 
pores leading to the sites of TCE adsorption. This is also consistent with the different 
adsorption regions of TCE and DOM molecules, where TCE primarily adsorbs in pores 
less than 10 Å, whereas DOM adsorb in pores >10 Å.  
To further examine the impact of DOM preloading, the reduction degree of TCE 
uptake was calculated at three different concentration levels of the isotherms, 10, 100 and 
500 g/L, using the TCE uptakes at a particular preloading level and that in distilled and 
deionized water (Table 5.3). Since the preloading effect resulted in parallel shifts of the 
isotherms, the percent reductions in the TCE uptakes were independent of equilibrium 
concentration. The reduction degree of the TCE uptakes of the three microporous carbons
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(i.e., OLC, CRC and ACF10) was significantly lower than those of F400He and 
HD4000ST. In addition, the impact of preloading effect (i.e., the percent reduction in 
TCE uptake) increased more severely with increasing background DOM concentration 
for F400He and HD4000ST than OLC, CRC and ACF10. These observations were 
related to the significantly higher DOM uptakes of F400He and HD4000ST than OLC, 
CRC and ACF10 (Figure 5.6). It appears that the preloaded DOM, which increased with 
the increase in DOM concentration of preloading solution, blocked the pores for TCE 
adsorption and resulting in the parallel shift of the Freundlich isotherms.
Among the three most microporous adsorbents, OLC, CRC and ACF10, the 
preloading effect was similar for OLC and CRC, which was lower than that observed for 
ACF10, despite OLC showing higher DOM uptake than CRC. This suggests that pore 
structure exerts additional impact on the DOM-SOC competition.  It appears that DOM 
molecules, despite their low degree of adsorption, block more effectively and/or a higher
number of ACF pores than those of OLC and CRC. Overall, these results extend the
previous findings of Karanfil et al. (2006) with carbon fibers to GACs showing that for 
the SOC molecules that adsorb primarily in pores <10 Å, highly microporous GACs (i.e., 
activated carbons having high pores volumes in less than 10 Å and minimal volumes in 
pores >10 Å) gives the best results for controlling DOM competition. The TCE isotherms 
under two preloading conditions showed that OLC and ACF10 exhibited the highest TCE 
uptakes, and the difference between the TCE uptakes of these carbons and those of 
F400He and HD4000ST increased with increasing preloading DOM concentration 
(Figures 5.4 and 5.5).
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These results strongly suggest that pore blockage is the dominant competing 
mechanism of DOM on the adsorption of a pollutant with small molecular size like TCE 
adsorbing in the primary micropore size region (<10 Å), which is inaccessible to the 
bulky DOM molecules. The equilibrium data also indicates that the best way to alleviate 
this DOM competition is to use an extremely microporous carbon having narrow pore 
size distribution and with most of its pore volume in the pore size region of less than     
10 Å (i.e., the target pore size region of target SOC). Such carbon can selectively adsorb 
the target SOC from the solution and drastically reduce the SOC-DOM competition.
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Table 5.3 Reduction in TCE uptake at the two preloading conditions
Activated Carbon Preloading % reduction in TCE uptake
10 g/L 100 g/L 500 g/L
OLC
5 mg/L 20.4 21.9 22.9
20 mg/L 32.8 29.6 27.3
ACF10
5 mg/L 27.7 28.2 28.6
20 mg/L 49.1 44.4 40.8
CRC
5 mg/L 16.6 17.7 18.5
20 mg/L 28.1 29.7 30.9
F400He
5 mg/L 38.7 38.8 38.9
20 mg/L 64.6 60.3 57.0
HD4000ST
5 mg/L 38.1 43.1 46.4
20 mg/L 59 60.7 61.7
5.2.3 Atrazine isotherms
Single solute atrazine adsorption isotherms of all carbons are shown in Figure 
5.12. The atrazine uptake of F400He was the highest and followed by CRC ≈ HD4000ST 
> OLC >> ACF10.
In the pore size range of 10 to 20 Å, F400He has the highest available pore 
volume (0.13cm3/g) followed by CRC and HD4000ST with similar pore volumes 
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(0.11cm3/g) (Table 5.1). On the other hand, OLC has significantly less pore volume 
(0.06cm3/g) in this pore size region and that of ACF10 is the lowest (0.02cm3/g). 
Therefore, there is a trend between the atrazine adsorption capacities of the carbons and 
their pore volume available in 10 to 20 Å pore size region. This observation is in 
agreement with previous research results that adsorption of atrazine occurs in 8 to 20 Å
pore size range (Pelekani and Snoeyink, 2000, 2001).
Atrazine adsorption by the five activated carbons was also investigated under two 
DOM preloading conditions (5 and 20 mg DOC/L). The preloading isotherms are 
presented in Figure 5.13 and 5.14, respectively. The results indicate that for all carbons 
studied, DOM preloading reduced the atrazine adsorption capacities. The extent of 
reduction in adsorption capacity was greater at the preloading of 20 mg DOC/L than of 5 
mg DOC/L. The DOM preloading concentration, however, did not change the relative 
adsorption capacities of these carbons.
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Figure 5.12 Single solute atrazine adsorption isotherms
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Figure 5.13 Atrazine adsorption isotherms for carbons preloaded with 5 mg DOC/L
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Figure 5.14 Atrazine adsorption isotherms for carbons preloaded with 20 mg DOC/L
The results indicate that the carbons most affected by the DOM preloading were
the microporous carbons: ACF10 and OLC. The carbons with a broader pore size 
distribution (F400He, CRC, and HD4000ST), ranging from primarily microporous to a 
large volume of secondary micropores and some mesopores, exhibited some reduction in 
their adsorption capacities, but to a much lesser extent than the micoporous carbons 
(ACF10 and OLC). These findings are in agreement with those of  Pelekani and 
Snoeyink (1999), which showed that the atrazine adsorption of microporous activated 
carbon fiber ACF10 was more severely impacted by DOM preloading than that of the 
mesoporous activated carbon fiber ACF25. This is more evident in the single solute and 
preloading isotherms of individual carbons presented in Figures 5.16 to 5.19.
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The single solute and preloading isotherms of individual carbon were also 
modeled using the Freundlich equation. The isotherms and the corresponding Freundlich 
fits are shown from Figures 5.16 to 5.19, and the corresponding Freundlich coefficients 
are listed in Table 5.3. The 95 % confidence intervals for the Freundlich parameters are 
not shown in the text since due to the use of radio-labeled compound only 3 to 5 points 
were available on the isotherms and it would not be statistically meaningful to compare 
such a small data set.
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Figure 5.15 Atrazine single solute and DOM preloading isotherms for OLC
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Figure 5.16 Atrazine single solute and DOM preloading isotherms for ACF10
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Figure 5.17 Atrazine single solute and DOM preloading isotherms for CRC
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Figure 5.18 Atrazine single solute and DOM preloading isotherms for F400He
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Figure 5.19 Atrazine single solute and DOM preloading isotherms for HD4000ST
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Table 5.4 Freundlich coefficients for atrazine adsorption isotherms
Isotherm KF N
OLC (single solute) 7.68 0.35
OLC (preloading 5 mg DOC/L) 4.15 0.43
OLC (preloading 20 mg DOC/L) 0.76 0.65
ACF10 (single solute) 2.28 0.26
ACF10 (preloading 5 mg DOC/L) 1.39 0.28
ACF10 (preloading 20 mg DOC/L) 0.01 0.93
CRC (single solute) 8.84 0.42
CRC (preloading 5 mg DOC/L) 6.70 0.44
CRC (preloading 20 mg DOC/L) 2.33 0.59
F400He (single solute) 12.08 0.40
F400He (preloading 5 mg DOC/L) 7.03 0.47
F400He (preloading 20 mg DOC/L) 2.65 0.59
HD4000ST (single solute) 8.17 0.41
HD4000ST (preloading 5 mg DOC/L) 6.11 0.47
HD4000ST (preloading 20 mg DOC/L) 2.99 0.54
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During preloading experiments, when DOM components reach the carbon surface
first, they occupy the higher-energy sites. This results in a decrease in the number of 
higher energy sites available for SOC adsorption. This competitive adsorption 
phenomenon is reflected by a decrease in the Freundlich capacity coefficient KF and an 
increase in the value of the Freundlich exponent n relative to that obtained in single-
solute adsorption (Carter et al., 1992). This change in the Freundlich parameters leads to
a downward non-parallel shift of the isotherms. Reduction in the value of KF signifies a 
reduction in the total number of adsorption sites available for the SOC adsorption and an 
increase in the Freundlich exponent n signifies that the energy distribution of adsorption 
sites available are of a more homogeneous nature. The Freundlich coefficient for atrazine 
adsorption isotherms followed the pattern explained above. With increasing DOM 
preloading, the KF values decreased and the corresponding n values increased (Table 5.4). 
As a result, the percent reduction in atrazine uptake increased with decreasing 
equilibrium concentration (Table 5.5). This isotherm behavior indicates that the 
occurrence of site competition is a more important mechanism than pore blockage on
atrazine adsorption under the DOM conditions (Carter et al., 1992). 
In contrast to TCE, for the atrazine adsorption, the carbons (e.g., F400He and 
HD4000ST) with a broader pore size distribution ranging from primarily microporous to 
a large volume of secondary micropores and some mesopores exhibited a much less 
reduction in their adsorption capacities than the microporous carbons (ACF10 and OLC). 
The density of atrazine at 25°C is 1.19 g/mL, therefore atrazine molecules occupy 
approximately 0.09 cm3/g carbon at the highest surface loadings, ~ 100 mg atrazine/g 
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carbon, observed in this study. ACF10 only had 0.03 cm3/g volume in pores 10-20 Å and 
none in pores >20 Å. As a result, ACF10 showed the lowest atrazine uptake in the single 
solute isotherms and suffered the most from preloading effects (Tables 5.4 and Table 
5.5). These results also indicated that there are DOM components that adsorb in 10-20 Å
pore region and strongly compete with the atrazine. OLC had only 0.07 cm3/g volume in 
the 10-20 Å pore size region and 0.02 cm3/g in pores >20 A. This was just about the total 
volume needed to accommodate the atrazine molecules. As a result, OLC showed the 
second most significant reduction in the atrazine uptake after ACF10. The other three 
carbons, CRC, F400He, HD4000ST showed similar uptakes under the two preloading 
conditions tested (Figures 5.13 and 5.14). One characteristic common of these carbons is 
that they all had similar pore volume in the 10-20 Å region (Table 5.1). However, it was 
clearly noted that CRC showed significantly lower DOM uptake than F400He and 
HD4000ST since the former is more microporous than the latter. Therefore, one possible 
explanation for the observed trend is that despite the difference in the overall DOM 
uptakes of these carbons, the amount of DOM adsorbed in the 10-20 Å region was 
comparable at each preloading condition, as a result the atrazine adsorption by these three 
preloaded carbon showed comparable uptakes. It should also be noted that in single 
solute adsorption experiments, OLC, F400He and HD4000ST showed similar atrazine 
adsorption despite the difference in their pore size distribution, confirming the 
importance of 10-20 Å for the adsorption of this SOC. Similar uptakes of these carbons 
under preloading conditions suggest that the major competition between atrazine and 
DOM components was occurring in the 10-20 Å pore region. It is, however, noteworthy 
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that the DOM adsorption by CRC, although small, did not result in pore blockage effect 
for the subsequent atrazine adsorption. For example, adsorption of a very small amount 
of DOM by ACF10 resulted in significant reduction in the TCE uptake. This appears to 
be related to the pore structure of CRC and packing of DOM in the CRC. The findings 
with CRC were interesting because the postulated hypothesis was that using an activated 
carbon with broad pore size distribution (i.e., mesoporous) would reduce the DOM-SOC 
competition for a SOC with optimum adsorption region of pore size larger than 10 Å. 
Although this hypothesis was validated by the results of F400He and HD4000ST, the 
results obtained with CRC suggest that a carbon with narrow pore size distribution can 
also show low degree of DOM-SOC competition effect, thus high SOC uptake, if it has 
high volume in the optimum adsorption pore region of SOC, and DOM adsorption does 
not result in major pore blockage effect. The observation with CRC maybe viewed as an 
exception but it indicates that further research regarding the effect of pore structure on 
SOC-DOM competitions is warranted.
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Table 5.5: Reduction in Atrazine uptake at the two preloading conditions
Activated Carbon Preloading % reduction in Atrazine uptake
10 g/L 100 g/L 500 g/L
OLC
5 mg/L 35.5 23.0 12.9
20 mg/L 80.4 61.1 37.3
ACF10
5 mg/L 39.5 39.6 39.7
20 mg/L 99.0 95.6 87.4
CRC
5 mg/L 21.7 19.1 17.3
20 mg/L 60.9 41.9 23.4
F400He
5 mg/L 32.9 22.6 14.5
20 mg/L 66.5 48.8 31.2
HD4000ST
5 mg/L 15.3 4.1 -4.6
20 mg/L 51.2 34.8 20.2
5.3 TCE adsorption kinetics
Adsorption by activated carbon is described as a four stage process. The first step 
is the bulk diffusion of the SOC in the aqueous phase followed by film diffusion at the 
activated carbon surface. The third step is intraparticle diffusion (pore diffusion and/or
surface diffusion) within the adsorbent pores and finally, the adsorption of the adsorbate 
on target adsorption sites. The final adsorption step is assumed to be instantaneous and in 
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completely mixed batch systems bulk diffusion is usually not a limiting factor. Therefore, 
the rate limiting step is either film diffusion or intraparticle diffusion, or a combination of 
both (Baup et al., 2000). Since all GACs used in this study were of the same particle size 
range, it is expected that the effect of film diffusion for all the carbons on the adsorption 
of both SOC and DOM should be similar. Finally, it is important to note that ACF10 
kinetics is not presented in this discussion since all the granular carbons were crushed and 
sieved to the same particle size range and the fiber on the other hand was cut in to fine 
pieces. The difference in particle size and shape makes it inappropriate to compare the 
adsorption kinetics of GACs and ACF10 in batch experiments. This section will therefore 
explore the kinetic behavior of the GACs and compare the adsorption kinetics of the four 
GACs with respect to their pore size distributions.
The adsorption kinetics of TCE was investigated in both single solute DDW 
experiments and in the presence of background DOM of 5 mg DOC/L. The single solute 
kinetics during the first 8 hours of contact time are presented in Figure 5.20. HD4000ST 
showed the fastest adsorption kinetics among all the GACs studied followed by F400He 
with slightly slower kinetic. Both HD4000ST and F400He showed faster kinetics than the 
microporous adsorbents OLC and CRC.
The superior kinetic behavior demonstrated by the mesoporous carbons 
(HD4000ST and F400He) over the microporous carbons (OLC and CRC) could be 
attributed to their open pore structure which seems to provide a kinetic advantage for the 
target TCE molecule to access the inner pore network. Therefore, lower TCE residual 
concentration in aqueous phase was obtained even though the TCE molecules may or 
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may not have reached its target adsorption sites. The concentration decay in liquid phase 
as a function of contacting time for all the carbons eventually levels off. Furthermore, it 
was observed that the kinetic plots for the microporous carbons eventually crossed that of
the mesoporous carbons and the final equilibrium concentrations corresponded to those 
observed in the equilibrium isotherm experiments (Figure 5.21).
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Figure 5.20. Single solute TCE adsorption kinetics (first 8 hours of contact time)
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Figure 5.21 Single solute TCE adsorption kinetics (two days of contact time)
This suggests that even though the microporous carbons have the advantage of 
higher capacity over the mesoporous carbons, the trade off is the relatively slower 
adsorption kinetics to reach the final higher equilibrium capacity.
The TCE adsorption kinetics in the presence of 5 mg DOC/L background DOM 
showed that the concentration decay of all carbons showed very similar patterns (Figures
5.22 and 5.23), which is primarily due to the impact of DOM competition on the 
adsorption kinetics of the two mesoporous carbons. HD4000ST and F400He 
demonstrated slower TCE adsorption kinetics in the presence of DOM as compared to 
their single solute results (Figures 5.26 and 5.27, respectively); this was probably due to
their open pore structures. The wide mesopores allow easier access of not just the TCE 
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molecule but also the background DOM components. The adsorption of DOM 
components in the secondary micropores and mesopores hinder the access of TCE 
molecules to the target micropore region. The microporous carbons (OLC and CRC)
show insignificant adsorption to DOM molecules from the background aqueous solution 
due to the lack of pore volume in mesopore range. Consequently, the presence of DOM 
components exhibited little or no effect on the adsorption kinetics of TCE on 
microporous carbons (Figures 5.24 and 5.25), suggesting that the coverage of DOM on 
the external surface of carbon particle was not sufficient to hinder the diffusion of TCE 
molecules into the inner carbon pore network. This hypothesis is supported by the 
equilibrium isotherm results of the microporous carbons (OLC and ACF10), which show 
relatively little effect of DOM preloading. 
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Figure 5.22 TCE adsorption kinetics in presence of background 5 mg DOC/L (first 
eight hours of contact time)
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Figure 5.23 TCE adsorption kinetics in presence of background 5 mg DOC/L (two 
days of contact time)
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Figure 5.24 OLC kinetics for TCE adsorption (two days of contact time)
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Figure 5.25 CRC kinetics for TCE adsorption (two days of contact time)
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Figure 5.26 F400He kinetics for TCE adsorption (two days of contact time)
80
0
0.2
0.4
0.6
0.8
1
1.2
0 10 20 30 40 50
Time (Hrs)
C
/C
o
HD4000ST (single solute)
HD4000ST (background 5mg DOC/L)
Figure 5.27 HD4000ST kinetics for TCE adsorption (two days of contact time)
5.4 Atrazine adsorption kinetics
Atrazine adsorption kinetics was investigated on all the four GACs in DDW and 
in the presence of 5 mg DOC/L background DOM. The results of single solute atrazine 
adsorption kinetics during the first twelve hours of contact time for all GACs are shown 
in Figure 5.28.
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Figure 5.28 Single solute atrazine adsorption kinetics (twelve hours of contact time)
HD4000ST showed the fastest kinetics followed by F400He, CRC, and lastly 
OLC in DDW kinetics experiments (Figure 5.29). HD4000ST has the widest pore size 
distribution and maximum combined volume available in the secondary micropore and 
mesopore region. Therefore, just as in the case of TCE, it can be hypothesized that the 
wide pores allow faster and easier access of atrazine molecules to the inner carbon pore 
network. F400He has the largest volume in the target pore size region of atrazine (10-20 
Å), thus it showed the highest atrazine uptake upon reaching equilibrium. However, the
lower volume of F400He in pores >20 Å as compared to HD4000ST resulted in slower 
kinetics. The kinetic behaviors of CRC and OLC can subsequently be explained by 
extending the same argument with CRC showing slower kinetics than F400He for TCE
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adsorption. OLC demonstrated the slowest kinetics amongst all the studied GACs. The 
final equilibrium concentrations of the carbons corresponded to  the values in the 
isotherm experiments.
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Figure 5.29 Single solute atrazine adsorption kinetics (two days of contact time)
The atrazine adsorption kinetics in the presence of 5 mg DOC/L background 
DOM for all GACs during the first twelve hours of contact time are shown in Figure 
5.30. The atrazine adsorption kinetics on each carbon in the presence of 5gm DOC/L 
background DOM are shown in Figures 5.31 to 5.34.It is evident that as compared to 
their kinetics obtained under single solute condition, the competitive adsorption kinetics
of the two microporous carbons are further separated from that of the two mesoporous 
carbons. This indicated that the presence of background DOM applies a definite negative 
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impact on the adsorption kinetics of microporous carbons. However, the DOM does not 
hinder atrazine adsorption on the mesoporous carbons. The open pore structure of the 
mesoporous carbons seems to be responsible for what observed, which is contrast to what 
demonstrated by the mesoporous carbons during TCE adsorption. This is probably 
because DOM, as mentioned earlier adsorbs in a wide pore size range, including the 
target adsorption region for atrazine. This kinetic data also suggests that if sufficient pore 
volume is available in the mesoporous carbons to accommodate both DOM and atrazine, 
the DOM preloading impact on the adsorption kinetics of atrazine is negligible. For the
microporous carbons, the presence of DOM led to low atrazine adsorption rate due to the 
lack of pore volume required to accommodate both DOM and atrazine. 
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Figure 5.30 Atrazine adsorption kinetics in the presence of 5 mg DOC/L background
DOM (twelve hours of contact time)
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Figure 5.31 OLC adsorption kinetics for atrazine  (two days of contact time)
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Figure 5.32 CRC adsorption kinetics for atrazine (two days of contact time)
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Figure 5.33 F400He adsorption kinetics for atrazine (two days of contact time)
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Figure 5.34 HD4000ST adsorption kinetics for atrazine (two days of contact time)
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS
6.1 Conclusions
Following major conclusions were obtained from this study:
 There exists a specific optimum adsorption pore size region for each 
micropollutant depending on its molecular dimensions. For example, TCE 
adsorbs in pores <10 Å, whereas atrazine adsorbs in pores 10-20 Å. The removal 
of the SOC is enhanced with the increase in the volume in the specific pore size 
region. On the other hand, the components of the DOM used in this study did not 
adsorb in pores <10 Å.
 The relative relation between the optimum adsorption regions of the target SOC 
and background DOM determines the approach for selecting the GAC, and 
possibly the primary DOM competition mechanism on the adsorption of SOC by 
activated carbons. In this study, for TCE, the SOC with target adsorption region in 
the primary micropores which were inaccessible to DOM components, highly 
microporous carbons (i.e., having mainly pores less than 10 Å) showed the least
DOM impact on the TCE adsorption. It appears that the highly microporous 
carbons acted as molecular sieves screening out the bulky DOM molecules and 
only allowing the access of TCE molecules to their target pore size region. It was 
found that DOM preloading effect was mainly due to pore blockage. For atrazine, 
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the SOC having a target adsorption region of 10-20 Å that overlaps with those of 
some DOM components, activated carbons with wider pore size distributions and 
high volumes in the target adsorption pore size region of the target SOCs 
demonstrated the lowest DOM preloading effect. The direct site competition was 
the primary DOM-SOC competition mechanism for atrazine adsorption. 
 The results indicated that there are some pore structure properties (e.g., 
observations with the CRC and ACF10), which are not fully captured by the most 
commonly used carbon pore size distribution characterization techniques, that 
also exert some impact on the adsorption of SOC and DOM competition.
 Although performed in a limited number, the results of kinetics experiments
showed that the mesoporous carbons have kinetic advantage over the microporous 
carbons for the competitive adsorption between SOC and DOM.
6.2 Recommendations for future research
The findings from this study are mainly based on the observations from isotherm 
experiments. These results should be further confirmed at representative drinking water 
conditions. For GAC fixed-bed adsorber applications, this can be accomplished by 
performing rapid small scale column tests (RSSCT) which have been shown to 
successfully predict the breakthrough of full scale columns. To capture long term 
preloading effects, the GAC in the RRSCT can be preloaded for different time periods 
prior to the target SOC adsorption.
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The equilibrium experiments performed in this study used DOM collected from 
the influent to a drinking water treatment. Since the GAC fixed-bed adsorbers are located 
after conventional treatment processes which change the composition of DOM (i.e., high 
molecular weight components are preferentially removed), the RSSCTs should be 
performed using the water samples after conventional treatment processes.
For PAC applications, the contact time is usually short (0.5 – 2h), and the 
adsorption kinetics is critical during short contact times. Therefore, further kinetic 
investigations (e.g., using a typical jar test simulation PAC applications) should be 
performed to evaluate the extension of findings from this study to PAC applications. 
Only two SOCs, TCE and atrazine, and one DOM were used in this study. 
Experiments need to be performed with more number of SOCs and DOMs in order to 
further generalize the findings obtained from this study.
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APPENDIX
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Figure A1: TCE adsorption isotherms in DDW normalized by volume available in 5-8 
Å pore size region.
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Figure A2: TCE adsorption for carbons preloaded by 5 mg/L DOM normalized by 
volume available in 5-8 Å pore size region.
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Figure A3: TCE adsorption for carbons preloaded with 20 mg/L DOM normalized by 
volume available in 5-8 Å pore size region.
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Figure A4: Atrazine adsorption isotherms for all carbons in DDW normalized by volume 
available in 10-20 Å pore size range.
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Figure A5: Atrazine adsorption isotherms for all carbons preloaded with 5 mg/L DOM 
normalized by volume available in 10-20 Å pore size region.
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Figure A6: Atrazine adsorption isotherms for all carbons preloaded with 20 mg/L DOM 
normalized by volume available in 10-20 Å pore size region.
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Table A1: Freundlich Coefficients for all TCE Adsorption Isotherms along with the 95% 
Confidence Intervals
Isotherm KF
95% 
Confidence 
Interval
N
95% 
Confidence
Interval
OLC (single solute) 2.43 2.84 – 2.08 0.57 0.62 – 0.52
OLC (preloading 5mg DOC/L) 1.97 2.20 – 1.76 0.58 0.60 – 0.53
OLC (preloading 20mg DOC/L) 1.56 1.82 – 1.33 0.59 0.63 – 0.55
ACF10 (single solute) 1.78 2.24 – 1.42 0.62 0.69 – 0.56
ACF10 (preloading 5mg DOC/L) 1.30 1.96 – 0.86 0.62 0.72 – 0.52
ACF10 (preloading 20mg DOC/L) 0.78 1.33 – 0.51 0.66 0.77 – 0.55
CRC (single solute) 1.79 2.11 – 1.51 0.51 0.55 – 0.48
CRC (preloading 5mg DOC/L) 1.51 1.86 – 1.28 0.51 0.55 – 0.47
CRC (preloading 20mg DOC/L) 1.32 1.71 – 0.82 0.51 0.56 – 0.47
F400He (single solute) 2.10 2.48 – 1.56 0.48 0.51 – 0.44
F400He (preloading 5mg DOC/L) 1.29 1.56 – 1.06 0.48 0.51 – 0.44
F400He (preloading 20mg DOC/L) 0.66 0.74 – 0.58 0.53 0.55 – 0.51
HD4000ST (single solute) 1.83 2.15 – 1.56 0.47 0.50 – 0.44
HD4000ST (preloading 5mg DOC/L) 1.20 1.51 – 1.00 0.44 0.47 – 0.39
HD4000ST (preloading 20mg DOC/L) 0.78 1.10 – 0.56 0.45 0.51 – 0.39
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